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Abstract 
 
A variant of the point defect model originally enunciated by Macdonald and co-workers 
is advanced and its theoretical implications for the steady state current density, barrier 
layer thickness and the concentration of metal vacancy at the metal/film interface are 
deduced. The differences between the original point defect model and the present variant 
are also highlighted. The empirical parameters α and β in the original point defect model 
are replaced with two physical parameters contR  and fρ  which represent respectively the 
electronic contact resistance at the metal/film interface and the electronic resistivity of the 
oxide film. The present variant correctly describes the annihilation of the metal vacancies 
at the metal/film interface and also enforces the conservation of particle and defect 
volumes during the solid-state reactions leading to the natural inclusion of the famous 
Pilling-Bedsworth ratio PBR  into the model. Diagnostics which help to check the model 
predictions with experiments are given. Use of this variant to describe strees-induced 
failure of the barrier oxide leading to pitting is also discussed.  
 
Introduction 
 
The point defect model was first proposed in 1981 and has progressed considerably over 
the past 30 years both in its theoretical framework and in its applications to analyse 
experimental data [1]. It holds much promise for the eventual complete understanding the 
passive state of a metal M  with an oxide layer 2/χMO on it. It also surpassed in several 
ways many earlier attempts by physicists. Macdonald and co-workers have made useful 
comparisons between the point defect model and these earlier models. The objective of 
the present work is to present a variant of the point defect model, deduce its predictions 
for the passive current density, the barrier layer thickness and the metal vacancy 
concentrations all at steady state and provide the experimental diagnostics based on the 
applied potential and the pH. Unlike the original point defect model the proposed variant 
does not contain any empirical parameters like the α  and β in the original model. All 
model parameters have a physical basis. Besides, one of the 7 defect reactions postulated 
by Macdonald et al is modified into a more appropriate form and we show that this 
modification has non-trivial implications for the model predictions. Before we proceed to 
the variant, the important assumptions of the original point defect model are stated below: 
 
(i) The barrier oxide layer is rich in cation vacancies & interstitials and anion 
vacancies with the defect concentrations greater than in the isolated bulk 
oxide. 
(ii) The defects are continuously generated and/or annihilated at the metal/film 
and at the film/solution interfaces. 
(iii) The electric field strength ε  in the oxide film is independent of the applied 
voltage and remains constant throughout the oxide film. This voltage 
independence is argued to arise from band-to-band Esaki tunneling. 
(iv) The electrical potential drops across the metal/film/solution sandwich are 
assumed to be of the from: 
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where α  and β  are two empirical parameters to be evaluated by fitting the 
experimental data to the model and all other parameters are as defined in the original 
papers by Macdonald and co-workers. 
 
The defect reactions postulated by Macdonald et al are: 
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The rate constants for these 7 reactions are respectively 1k  to 7k . 
 
The Variant 
 
The variant of the PDM studied in the present work retains the two basic assumptions 
(i) and (ii), drops assumption (iii), and assumption (iv) is replaced by  
 
                     fmoccontfm iR // . φφ +=                                                       (4) 
 
                           LiL f ... ρε =                                                                      (5) 
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 Here i  is the current density through the system, contR  is the ohmic contact resistance at 
the metal/film interface which can also be interpreted as arising from the linearised 
Schottky diode equation ( )1]/).(exp[. 0 // −−= RTFii fmfmsat φφ  where sati  is the saturation 
current density of the diode is and 0 / fmφ is the zero-current diode voltage known as the 
built-in potential in Semiconductor Physics. In this interpretation 
sat
cont iF
RTR
.
= . fρ is the 
electronic resistivity of the oxide film. It is to be noted that even an uncompensated 
ohmic resistance in the outer porous layer or in the solution may easily be included in the 
equation (6) for sf /φ  without ever changing the model. 
 
The defect reactions considered in the present variant are: 
 
Metal         |               Barrier Layer                     |   Porous Layer OR Solution 
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This set of reactions is the same as the set proposed by Macdonald et al and given above 
in the Introduction except reaction (3) where the metal vacancy mV , OO  and 2/χMO  are 
the additional species. Figure 1 provides a pictorial comparison of reaction (3) of 
Macdonald et al and reaction (3’) of the present variant. Refering to the pictorial 
representation of reaction (3)[of the original point defect model] in Figure 1, it is unclear 
how  **.
2 O
Vχ  is generated. This **.
2 O
Vχ  seems to be the pre-existing anion vacancies in the 
oxide layer and hence can NOT be said to be generated by reaction 3. This is to be 
compared with the pictorial for reaction 3’[of the present variant] where it is clear that 
**
.
2 O
Vχ  is produced by OO.2
χ
  which leaves the oxide phase and lodges in the metal 
vacancies mV  in the metal phase. 
 
 
   
 
  
Figure 1 Pictorial Representations of Reactions 3 and 3’ 
 
 
 
 
 
Reaction 3 in the original point defect model 
 
 
 
 
 
 
 
 
Reaction 3’ in the present variant of the point defect model 
 
 
 
 
There is also a difficulty in establishing the steady state if we do not invoke mV  and OO  
[as in reaction 3’] because the rate of generation of mV in reactions 1 and 2 will not be 
balanced by its consumption and the rate of generation of OO  at film/solution interface in 
reaction 6 will not be balanced by its consumption at metal/film interface. Reactions 2 
and 5 of the variant are essentially the corresponding older reactions except that the 
vacant cation interstitial 
iM
V is explicitly shown. While this change does not have any 
consequences for the model predictions, the change contained in reaction 3’ has 
important consequences for the model predictions. In the terminology used by Macdonald 
et al reaction 1, 2, 4, 5 and 6 are lattice-conserving while reactions 3’ and 7 are lattice 
non-conserving. Another aspect to be considered while writing defect reactions in the 
solid is volume conservation: the sum of the effective volumes of particles and vacancies 
before the reaction must equal the sum of the effective volumes of particles and vacancies 
produced by the reaction. Thus one more conservation principle is added to the usual 
mass balance and charge balance of reactions. Applying this volume conservation 
principle to reaction 3’, we obtain  
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If we approximately set the volume of a particle equal to the corresponding defect 
volume, it turns out that 
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where PBR  is the famous Pilling-Bedworth ratio. It is satisfying to note that this number 
which was proposed in the olden times as an index of anodic film stability enters through 
reaction 3’ of the present variant of the point defect model.  
 
The reaction rate equations for the defect reactions 1 to 7 may now be written. The 
concentrations of the majority species MM , OO , m , iMV and 2/χMO will be absorbed into 
the rate constants themselves while the concentrations of the minority species 
'χ
MV ,
**
OV ,
+χ
iM and mV are shown explicitly in the rate expressions: 
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where )0(MC and )0(mC are respectively the concentrations of 
'χ
MV  and mV at 
0=x (i.e. at the metal/film interface), )(LC
iM
and )(LCO are the concentrations of 
+χ
iM and 
**
OV  at Lx = (i.e. at the film/solution interface). The unit of 1k , 5k  and 6k is 
1sec. −cm  while that of 2k , 3k , 4k  and 7k is 
12 sec.. −−cmmole . 
 
The rate constants 1k  through 7k are related to the interfacial potential drops fm /φ and 
sf /φ  at 0=x and Lx = as follows: 
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where fm /φ and sf /φ are given by equations (4) and (6) and the 0ik ’s are the standard 
rate constants related to but not the same as the base rate constants defined by 
Macdonald and co-workers.  
 
Expressions for the steady state current ssi and barrier layer thickness ssL and 
the concentration of metal vacancy mV  
 
The steady state current density ssi is given by  
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where MJ , iJ  and OJ  are respectively the flux of the species 
'χ
MV , 
+χ
iM  and 
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OV . 7R  
is given by equation (13). Now the rate of destruction of the oxide layer by reaction 7 
equals at steady state the rate of formation of the oxide layer by reaction 3’. Therefore 
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Further, for sustaining the steady state, the rate of production of the metal vacancy mV  
by reactions 1 and 2 should equal the rate of its annihilation by reaction 3. Therefore 
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Using equation (22) this becomes 
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It is interesting to note that the present variant predicts a simple equation for the 
steady state current which depends only on the rate of dissolution of the oxide 
layer 7R . This form differs from the form predicted by the original point defect model. 
The difference is directly attributable to the use of reaction 3’ in the place of reaction 
3.  
 
At this point we need to distinguish between two cases A and B. Case A will use the 
equations (1) to (3) for the potential drops which involve the empirical parameters α  
and β of Macdonald et al and Case B will use equations (4) to (6) proposed in the 
present work which involve the physical parameters contR  and fρ  . Nonetheless the 
use of reaction 3’ in the place of reaction 3 is common for Case A and Case B. Case 
A and Case B has two further sub-cases: χδ =  and χδ ≠ . 
   
Case A 
(i) For χδ =  the steady state current is simply 
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Where and all through this paper  
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Clearly the steady state current density is independent of potential and 
depends only on pH. 
 
(ii) For  χδ ≠ the steady state current is given by 
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Which depends on both potential and pH. 
 
Steady state barrier layer thickness χδ ≠  
 
Use the equation 
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to obtain the following analytic form for  ssL  
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Where the ia ’s and the ib ’s are as defined by Macdonald et al. 
 
For the special case when only cation interstitials and anion vacancies dominate, this 
reduces to: 
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which is linear in the potential. 
 
  
 Case B 
 
(i) For χδ =  the steady state current is the same as in Case A 
 
 
(ii) For χδ ≠ , it is convenient to start with the two equations: 
 
 7... RRFi PBss δ=                                                                            (31) 
 
 and 
 
7.RqJJ Mi =−                                                                               (32)  
 
     to obtain  
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Now, using the explicit forms for iJ , MJ  and ssi , we obtain after some algebraic steps: 
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Though this is a non-linear equation to be solved for ssi , it is interesting to note that it is 
independent of the potential and depends only on the pH. 
 
Steady state barrier layer thickness ssL  
 
For χδ =  we again start from equation (33) and obtain the following analytical formula 
for ssL : 
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Note that ssL is linear in apV and depends on pH only through ssi . 
 
For χδ ≠  we once again start from equation (33). However we obtain a different form 
of ssL as the form of ssi  is different now. 
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Again ssL is linear in apV , though now depends on pH directly besides through ssi . 
 
Steady metal vacancy concentration at the metal/film interface 
 
The steady state assumption can also be used to compute the steady state metal vacancy 
concentration )0(mC   at the metal/film interface. The steady state requires that OJ , and of 
course all other fluxes, remains constant in time. As OJ  depends on )0(mC as 
 
                     
k
m
m
O C
CkJ 











= 03
)0(
..
2
χ
                                                                 (37) 
 
the steady state requires that )0(mC remains constant in time. The only way to achieve 
this is to impose that: 
 
Rate of creation of mV  = Rate of annihilation of mV                                           (38) 
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Note that 2kJ i =  and 4kJ M −= . 2k , 3k  and 4k are known functions ofV , pH and ssL  
for Case A and they are known functions ofV , ssi  and ssL for Case B. Hence we insert in 
equation (40) the formulae for ssi  and ssL which was found in the earlier sections and 
thereby compute the concentration of metal vacancy at the steady state. 0mC  may 
conveniently be taken as the equilibrium concentration of metal vacancy in the metal at 
STP. The super-saturation S of the metal vacancy then becomes  
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Note that the super-saturation controls the nucleation and growth of metal vacancies into 
micro-voids which in turn may lead to build-up of mechanical stresses at the metal/film 
interface leading to failure of the oxide barrier film and pitting. Hence the variant of the 
point defect model developed in the present work can provide the theoretical framework 
for studying stress-induced failure of the barrier oxide layer and pitting.   
 
 
Diagnostics 
 
From the results of the previous sections simple diagnostics follow for the way 
)( ssiLog and ssL should vary with the potential and the pH for Case A and Case B and for 
the sub-cases χδ =  and χδ ≠ . 
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This diagnostic for ssL is for the special case when the cation interstitials and anion 
vacancies dominate and holds for χδ =  and χδ ≠ . 
 
Case B 
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(ii)  χδ ≠     
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where in equation (48) ssi  is a non-trivial function of pH. 
 
Conclusion 
 
The electrochemical impedance response of the variant studied in the present work is 
planned for our future work as it will provide estimates of the model parameters used. 
Comparisons of the model predictions with the available experimental data should throw 
more light on the present variant vis-à-vis the original point defect model. 
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